Surface-grafting polymer brushes (SPB), which are used in a versatile technique to easily realize surface modifications, can be commonly used to change the inherent surface physical/chemical properties of materials. In particular, producing functional polymer brushes with well-defined chemical configurations, densities, architectures, and thicknesses on a material surface has become increasingly important in many fields. Achieving such goals is highly dependent on the progress of novel surface-grafting strategies, which are commonly based on surface-initiated polymerization (SIP) methods. On the other hand, practical applications have been given more attention since the SPB technique enables the engineering of materials with diverse functions. This review reports some new grafting strategies for generating polymer brush layers and then systematically summarizes research advances in the application of polymer brush-modified materials in multiple fields. Correspondingly, some necessary challenges of the SPB technique are unreservedly pointed out, with consideration given to its real applications in the future. The aim of this article is to tell readers how to engineer functional materials through SPB techniques and what can be done with polymer brushes in the future.
Introduction
Polymer brushes are becoming increasingly popular because of their potential applications in multiple research fields 1,2 , such as in surface modification, synthetic biomimetic materials, tissue engineering, etc., based on their controllable chemical configuration, density, architecture, and thickness, which are adjustable down to the nanoscale, along with their easy preparation. Meanwhile, the surface-grafting polymer brush (SPB) technique has become an indispensable means for functionalizing materials 3, 4 . As reported, there are many new methods to generate polymer brush layers on material surfaces. These methods enable easy design and preparation of novel functional materials. Meanwhile, some of these functional materials have achieved real applications, while others are still on the way to being applied.
Polymer brushes with variable conformations and structures enable the preparation of novel functional surfaces 5 . In particular, the conformation and structure of polymer brush chains can be dynamically regulated by using a variety of external stimuli 6 . Such stimulusresponsive features of polymer brushes provide the basis for creating "smart" surfaces for a wide variety of applications 7, 8 , with attributes, including tunable wettability 9 , self-cleaning ability 10 , controllable catalysis 11 , modulation of membrane transportation 12, 13 , controlled cell adhesion 14, 15 , responsive actuation 16 , controlled drug delivery 17 , and friction control 18 . Based on the above characteristics, the SPB technique has aroused special attention in the fields of friction, antifouling and membrane sciences. For example, surfacegrafting hydrophilic polymer brushes have been an effective means by which to improve interfacial lubrication properties 19, 20 . In the past 15 years, such a technique has been successfully employed to achieve low friction on material surfaces 21 . Based on this technique, some functional water-lubrication coatings have also been successfully developed and have generated practical applications, e.g., in artificial hip joints 22, 23 . Moreover, surface-grafting hydrophilic polymer brushes can also create functional coatings, which act as effective anti-fouling barriers 24 and resist the adsorption of nonspecific proteins 25 , bacteria 26 , and marine microorganisms 27 . As a result, some functional anti-fouling coatings have been successfully developed 28 . Furthermore, through combining the SPB technique with other technical means, its application range has been largely expanded. For example, grafted polymer brushes work as a bridging layer, which can be further functionalized by extracellular matrix (ECM) proteins or functional peptides to improve or control the bioactivity of the material surface [29] [30] [31] [32] . Additionally, the growth of polymer brushes in confined environments has also become an established technique for preparing many functional films with great application potential in the fields of protein adsorption, catalysis, and separation 33 . The above-mentioned applications of polymer brushes are just a few important examples. This article concentrates exclusively on preparing functional materials by the surface-grafting polymer brush (SPB) technique. The aim of this review introduces some new methods for the surface grafting of polymer brushes, then highlights the use of polymer brushes to construct functional materials. Correspondingly, some key bottlenecks and challenges are also discussed. Finally, an outlook based on the development of brushed functional materials is proposed. The following sections will introduce the simple physics of polymer brushes, new strategies of SPB, and functional materials based on the SPB technique and their wide applications.
Simple introduction of polymer brush physics
Commonly, polymer brushes can be generated on a solid surface by the assembly of end-functionalized or surface-initiated polymer systems. The brush tethering can be very dense under equilibrium conditions, and polymer chains stretch along the direction normal to the substrate surface. Compared with the random configuration of flexible polymer chains in solution, polymer brush chains in good solvents always continue to stretch and avoid approaching each other to maximize their interaction with the solvent. Different from the behavior of linear homopolymer brushes, mixed homopolymer brushes, random copolymer brushes and block copolymer brushes commonly show typical phase-transition behavior in different solvent environments 4, 34, 35 . Such solvent-induced phase-transition behavior can yield unique surface properties of polymer brush-modified systems. Moreover, in the melted state, polymer chains tend to stretch away from the surface to avoid overfilling incompressible space and minimize the interface free energy.
A reasonable definition of polymer brushes is critical to understand their physics 36 . In a typical case, the value of the radius of gyration (R g ) of a single chain is always larger than the average distance between the grafting points. Correspondingly, the structure of the polymer chain can be estimated by the inverse value of the distance between grafting points (D). Meanwhile, the grafting density (σ) is an important parameter for characterizing the physical nature of the polymer chains. Commonly, the grafting density is defined as: σ = (ρ h N A )/M n (ρ is the bulk density of the brush, h is the thickness of the brush and N A is Avogadro's number). Γ = h × ρ, which is the surface coverage of the polymer brush chains. Therefore, the grafting density can also be defined as: σ = (Γ N A )/M n . In a typical case, the polymer chains tend to overlap when the chain size achieves the distance between grafting points. To quantitatively judge the conformational state of the polymer chains, a key parameter ∑(∑ = σπR 2 g ), defined as the reduced tethered density, is employed. Theoretically, chains are in the "mushroomed" state when ∑ < 1, in the mushroomed-to-brushed transition state when 1 < ∑ < 5 and in the highly stretched state when ∑ > 5. Correspondingly, experimental studies have well verified such predictions of the relationship between the grafting density and conformational state 37, 38 . However, the authors hold that clear boundaries for such transitions are always difficult to identify in real systems because of the measurement inaccuracy of R g , especially for polymer systems with complicated architectures. So, a new theoretical model should be developed to further understand the physics of complex polymer systems.
New chemical strategies for tethering functional polymer brushes onto substrates
Over the past few years, chemists have developed different kinds of synthetic strategies to generate polymer brush layers on material surfaces. In general, polymer brushes can be attached to solid surfaces by "grafting to" and "grafting from" methods 4 . In the "grafting to" method 39 , functionalized polymer brush chains can be attached onto a solid substrate by non-covalent interactions (Fig. 1a) or chemical reactions (Fig. 1b) . In the "grafting from" method 3 , the commonly used strategy involves surface-initiated polymerization (SIP) techniques, such as ATRP 40 , reversible addition−fragmentation transfer (RAFT) 41, 42 , ring-opening metathesis polymerization (ROMP) 43 , and nitroxide-mediated polymerization (NMP) 44 . The SIP techniques resemble planting rice in soils, as vividly proposed by Zhou and colleagues. 5 . In a typical case, the assembly of an initiator on the material surface is similar to the transplantation of rice seedlings, and the subsequent polymerization process is akin to rice growth.
Among different SIP methods, researchers mostly use surface-initiated atom-transfer radical polymerization (SI-ATRP) 1 , because it provides many advantages in the preparation of well-defined polymer brushes (Fig. 1c) , including easy initiator synthesis, fair control over polymer growth, a "living" end for copolymer grafting, and polymerization in aqueous solutions. Commonly, the traditional SI-ATRP method includes the assembly of a halogen-based initiator on the substrate and subsequent initiation of radical polymerization. Meanwhile, one can choose a suitable halogen-based initiator to realize polymerization according to the substrate properties 45 . To maximize the universality of the initiator molecule, utilizing a mussel-inspired initiator to perform SI-ATRP has become popular 46 . Based on the mussel-inspired initiator, polymer brushes can be grown easily on various material surfaces. Furthermore, the traditional SI-ATRP method always suffers several drawbacks, including limited applicability on various material surfaces, rigorous synthetic protocols, heavy consumption and waste of unreacted monomers, and limited ability to control the polymerization process. In addition to the inability to reuse the polymerization solution, the performance of conventional SI-ATRP often requires inert gas protection, and the use of metal catalysts may be harmful for some applications. To address these problems, chemists have devoted considerable effort to improving this method. For example, the electrochemically mediated ATRP (SIeATRP) method was developed to resolve the inert gas protection problem 47 . This method can be used to generate polymer brushes on a conducting or nonconducting substrate in the presence of air 48, 49 . This method has been successfully used to fabricate a functional coating with an ultralow protein-absorption property 50 , which exhibits great application potential in the surface modification of implantable devices. Subsequently, Zhou's group developed a novel method to grow polymer brushes on general substrates based on the difference of electrochemical potential 51 , named the sacrificial anode ATRP (sa-ATRP) method. This method allows the growth of polymer brushes on material surfaces using a very small volume of monomer solution in the presence of air. Subsequently, Yoshida and colleagues 52 used the sa-ATRP method to successfully prepare artificial cilia as autonomous nanoactuators to realize controllably unidirectional motion. Furthermore, the same group developed a novel ultraviolet (UV)-induced SI−ATRP method to produce polymer brushes on material surfaces in the presence of air under UV irradiation 53 . Using this method, one can create various patterned functional surfaces with polymer brushes.
Different from the case of the traditional SI-ATRP method, Sheng et al. 54 described a simple yet extremely versatile surface polymer brush modification approach based on a polydopamine (PDA) layer (Fig. 1d) . That is, PDA deposits on virtually any substrate and can act as a photoinitiating layer to initiate radical polymerization. This method does not require any metal/ligand catalysts, additional photoinitiators or dye sensitizers. Therefore, this method is a universal surface-initiated polymerization technique to generate polymer brushes from "anywhere". Additionally, another universal/mild method to perform SIP includes photo-initiation strategies based on a variety of photoinitiators 55 . In a typical case, the photoinitiators are commonly coated onto or embedded into the subsurface of the substrates by the solvent swelling method, and then the radical polymerization of the monomer solution is initiated under UV irradiation (Fig. 1e ) 23, 56 . This method is easy and effective for generating polymer brushes on polymer substrates and is especially suitable for inert materials with low-surface energies. Kawaguchi and colleagues 22 used this method to graft hydrophilic polymer brushes on the surface of cross-linked ultrahigh molecular weight polyethylene (CL-UHMWPE), and the modified material can be used as an ideal cartilage replacement material.
However, the traditional SIP method only allows the grafting of polymer brushes on the top surfaces of substrates, i.e., polymer chains are attached via a single linkage plane on the surface, without within-depth attachment. As a result, the thickness of the grafted polymer brushes is usually very thin, at dozens of nanometers to hundreds of nanometers and is liable to be wiped away under high-load conditions with long-term shearing. These factors may lead to poor mechanical stability of the generated polymer bush layer. Finally, this problem limits the real application of polymer brushes in engineering fields. To address this problem, polymer brushes are chemically interpenetrated within the polymer network in some novel synthetic strategies (Fig. 1f) 
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. For example, Zhou and colleagues 58 reported a new method to produce thick hydrophilic polymer brush layers through embedding the initiator into the polymer substrate, which allows the reinitiation of polymerization after the surface polymer brushes are refreshed. As expected, the grafted polymer brushes form an interpenetrating network with the original polymer chains, resulting in the appearance of a low-modulus composite layer. The composite layer shows excellent antiwear properties compared to traditional polymer brush systems. However, the above-mentioned methods are only available to construct polymer brush materials with uniform two-dimensional (2D) structures. Zheng et al. [59] [60] [61] developed a series of new technologies to fabricate threedimensional (3D) structures of polymer brushes on the micro and nano scales, which highly expands the functionalities of polymer brushes.
In this section, particular focus is given to recent advances in methods to generate polymer brushes on material surfaces. Some of these methods exhibit good polymerization controllability, while this attribute would be difficult to achieve via others. Next, we will show how these methods can be advantageously used to create functional materials.
Properties and applications of polymer brushes
Changing the surface wettability of materials Regulating the wettability of material surfaces is extremely important for realizing special functionalities for wide applications. Many methods have been developed and employed to control the wettability of material surfaces. The surface-grafted polymer brush (S-g-PB) technique, as one universal chemical modification strategy, exhibits unique advantages in controlling the surface wettability of materials. Especially, the surface-grafting stimulus-responsive polymer brush (S-g-SRPB) technique can offer the unique capability of controllably and reversibly changing the surface wettability, resulting from the dynamic conformation transition of polymer chains under external stimuli.
Jiang and colleagues 62 showed that surface-grafting poly (N-isopropyl acrylamide) (PNIPAAm) brushes on silica wafers can offer an effective means for constructing thermally responsive functional surfaces (Fig. 2a) . The wettability of the modified surface can be switched reversibly below and above the LCST of the PNIPAAm brushes. When the temperature was increased from 25°C to 40°C, the water contact angle (WCA) changed from ∼63°to ∼93°. The switchable mechanism for the wettability can be attributed to interaction changes between the molecular chains of PNIPAAm and water molecules. Furthermore, after grafting polymer brushes onto rough surfaces (micro/nanostructure), the wettability change can be obviously enhanced. Compared with that achieved by grafting polymer brushes onto flat surfaces, grafting hydrophilic polymer brushes onto a rough surface can make the surface more hydrophilic, while grafting hydrophobic polymer brushes onto a rough surface can make the surface more hydrophobic 63 . For example, Fu et al. 64 reported reversible switching between the superhydrophobic and superhydrophilic states on the surface of a PNIPAAm brush-grafted nanoporous anodic aluminum oxide (AAO) membrane. Jiang et al. observed reversible, thermoresponsive wettability switching between the superhydrophilic (below LCST) and superhydrophobic (above LCST) states after grafting PNIPAAm brushes onto a rough silicon substrate 65 . Additionally, some recent reports indicated that surface grafting of PNIPAAm brushes onto micro/nano surfaces can also realize thermoresponsive wettability switching for oil droplets underwater. For example, Du et al. 66 described a method for preparing a hairy soft/hard combination surface by grafting PNIPAAm brushes onto nano hydrogel brush fibers using the SI-ATRP technique. The asprepared functional surface demonstrates reversible, thermoresponsive wettability switching of oil droplets between the oleophobic state and oleophilic state.
Following a similar design strategy, the surface grafting of photoresponsive polymer brushes onto substrates can also allow dynamically changing the wettability of surfaces. Samanta et al. 67, 68 reported the fabrication of . Copyright© 2005, Royal Society of Chemistry. e Switching of the surface wettability of a PNIPAAM-co-PAA copolymer brush-modified rough silicon substrate to realize wide range of wettability control between the superhydrophilic state and the superhydrophobic state. Reprinted with permission from Jiang and clleagues 79 . Copyright© 2006, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. f Switching of the surface wettability from the superhydrophobic state to the superhydrophilic state for a pH/glucose-and temperature-sensitive polymer brush-modified surface. Reprinted with permission from Xia et al. 80 . Copyright© 2007, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim photoresponsive material surfaces by grafting poly(spiropyran methacrylate-co-methyl methacrylate) (PSPMA) brushes onto oxide surfaces using the SI-ROMP polymerization technique. The as-prepared substrate surface can realize dynamic wettability switching from the hydrophobic state to the hydrophilic state upon UV (365 nm) exposure (Fig. 2b) . The switching mechanism of wettability is based on the cleavage of the spiro C-O bond to generate a conjugated form. Correspondingly, the surface-attached molecules can be changed from an electrically neutral state to a charged state, resulting in responsive wettability switching. After irradiation with visible light (500 nm), the hydrophilic surface reverts to its initial hydrophobic state. Compared with temperature-induced wettability switching, the use of light as an easy means to control the surface wettability is more readily achievable.
Furthermore, the surface grafting of block copolymer brushes or binary/mixed polymer brushes allows the realization of reversible surface wettability switching based on the solvent-induced phase segregation of the brush chains. The key mechanism behind this effect is that the solvent affinity changes the brush morphology when exposed to a special solvent 69, 70 . For example, Stamm and colleagues 71 reported controlling the wettability of a binary polystyrene (PS)/poly(2-vinylpyridine) (P2VP) brush-modified surface by changing the solvent environment (Fig. 2c) . The experimental results indicated that the brush-modified surface demonstrated a hydrophobic state after treatment with toluene, while it exhibited a hydrophilic state after treatment with acidic water. Meanwhile, such solvent-responsive conformation transitions of polymer chains can be used to reversibly lift and lower CdS nanoparticles along the perpendicular direction. Based on a similar responsive mechanism, Han et al. 72 grafted PS-b-(PMMA-co-PCdMA) brushes onto a silicon wafer by SI-ATRP), which can also be used to reversibly lift and hide CdS nanoparticles along the perpendicular direction. Importantly, surface grafting of solvent-responsive polymer brushes can also be effectively used for the engineering of functional self-cleaning materials. For example, Youngblood and Howarter 10 described a method to prepare a self-cleaning surface by grafting oligomeric amphiphiles of polyethylene glycol with short perfluorinated end caps (f-PEGs). The modified surface can successfully remove oil when immersed into water. Minko and colleagues 73 modified Si channels by grafting solvent-responsive PS/P2VP polymer brushes along a gradient. The resulting channels can be used as a microfluidic device for successfully separating two immiscible liquids (water and toluene).
Surface grafting of pH-responsive polymer brushes can also be used to intelligently regulate the wettability of a material surface. As is well known, pH-responsive polymer brushes often contain weak acidic or basic groups with certain pKa values 74, 75 . Modified polymer brushes can accept or donate protons in response to pH changes of the media, along with conformational changes of the polymers chains, resulting in a change of the surface wettability. For example, Zhou and Huck 76 grafted pH-responsive poly(methacryloyl ethylene phosphate) (PMEP) brushes onto a substrate surface, and the asprepared surface could realize smart switching of the surface wettability from applying droplets with a wide range of pH values (Fig. 2d) . In a typical case, the modified surface was completely wetted with a superhydrophilic state when the pH > 7, because the phosphate groups were completely deprotonated. The wetting angle decreased within the pH range of 2-7 because of the partial protonation of the phosphate groups. At pH = 1, the phosphate groups were completely protonated, and the surface became difficult to wet. Other examples of pH-induced wettability changes based on polymer brush-modified systems are mainly focused on poly(acrylic acid) brushes, which have commonly been used to regulate wettability both in air 77 and underwater 78 . The above systems are commonly based on a singleresponsive polymer brush, whereas polymer brushes with dual/multiple-responsive features would provide new ideas for performing wettability switching in more than one way. For example, Jiang and colleagues 79 grafted PNIPAAm-co-PAA copolymer brushes onto rough silicon substrates to realize temperature/pH dual-responsive wettability switching between the superhydrophilic state and the superhydrophobic state (Fig. 2e) . Subsequently, Xia et al. 80 described a method to prepare a multiresponsive functional material by coating it with block copolymer brushes with pH-, glucose-, and temperatureresponsiveness. The experimental results showed that the as-prepared surface could realize reversible wettability changes from superhydrophobic state to superhydrophilic state between the conditions of a 0 g/l glucose concentration, pH = 4.8, and a temperature of 26°C and a 16.7 g/l glucose concentration, pH = 10.1, and a temperature of 15°C (Fig. 2f) .
In addition to grafting polymer brushes directly onto the surface of a material to change the inherent wettability, polymer brush-based nano-and microscale materials can also be applied onto substrates to control the wettability. For example, Zheng and colleagues 81, 82 grafted polymer brushes onto 2D graphene sheets by the ATRP technique to prepare a new type of organic 2D material, namely, polymer@graphene 2D objects. The asprepared 2D objects can be easily transferred to various nonreactive substrates (e.g., PTFE) to change and tune their surface wettability.
In summary, grafting polymer brushes (especially responsive polymer brushes) onto substrates is an effective means by which to change the surface wettability of materials. Upon exposing such functional materials to external stimuli in the environment, the switchable wettability can realize many potential applications, including self-cleaning, liquid droplet transfer, and oil-water mixture separation. Particularly, the grafting of functional polymer brushes onto rough material surfaces with micro-/nanostructure features can allow wettability switching between superhydrophilicity and superhydrophobicity. Meanwhile, it should be pointed out that though wettability changes based on polymer brush modification commonly focus on traditional solid surfaces, functionalizing novel materials (e.g., hydrogels) using brushed molecular chains has also gained great attention. For example, Liu and colleagues [83] [84] [85] developed a ubiquitous strategy to superhydrophobize the surfaces of hydrogels by grafting brushed chains with low-surface energy, creating heterogeneous wettability across the surface and the inner network. Even so, the key problem is that polymer brushes grafted onto micro-/nanocomposite surfaces often have poor wear-resistance properties, which highly limits their real application in the field of surface engineering. Additionally, one urgent challenge lies in how to develop a general/universal method to reduce the cost of polymer brush surface-grafting techniques. In the future, polymer brush techniques can combine traditional coating techniques for the engineering of novel functional materials to control the surface wettability.
Constructing functional drag-reduction surfaces
As described above, the grafting of functional polymer brushes onto substrates can change the static wettability behavior of materials. Correspondingly, the wettability change is also accompanied by the evolution of dynamic fluid behavior at the solid-liquid interface. For example, upon attaching a hydrophilic polymer onto a substrate surface, the as-prepared functional materials can be used to reduce the flow resistance of liquids 86 . Compared to hydrophilic surfaces, the as-prepared superhydrophobic surfaces exhibit superior drag-reduction efficiency 87, 88 . The mechanism responsible for the drag-reduction by superhydrophobic surfaces is the existing gas film at the solid-liquid interface providing an effective barrier to prevent liquids from wetting the solid surface 89 . As a result, the "fluid-solid" shearing mode is replaced by a "fluid-air" shearing mode, and correspondingly, the dragreduction characteristic appears. In recent years, Zhou and coworkers have been focusing on the study of dragreduction properties for polymer brush-modified micro-/ nanostructured materials. For example, Wu et al. 90 showed that boundary slippage exists for diverse liquids on superhydrophobic solid surfaces. Such surfaces can display a dramatic slippage effect and generate a high drag-reduction efficiency of~10-20%, which depends on both the liquid viscosity and the surface tension. The observed liquid slippage can be attributed to the synergy between the surface micro/nanostructure and the lowsurface energy polymer chains.
Subsequently, responsive polymer brushes have been grafted onto superhydrophobic micro/nanocomposite surfaces to construct intelligent drag-reduction systems. The as-prepared material surfaces can realize controllable boundary slippage at the solid-liquid interface. For example, Wu et al. 91 described the method by which to graft temperature-responsive poly(N-isopropyl acrylamide) (PNIPAm) brushes onto a superhydrophobic alumina surface. The surface adhesion of water droplets on the as-prepared surface can be dynamically regulated below and above the LCST of the PNIPAm brushes, which can highly affect the boundary slippage of the liquid. In a typical case, a slip length range of~87 μm can be achieved reversibly by changing the temperature below and above the LCST of the PNIPAm brushes. Subsequently, Wu et al. 92 synthesized photoresponsive copolymer brushes containing catechol and azobenzene derivatives and then deposited them onto a rough anodized aluminum surface. The adhesion of water droplets on this functional surface can be controlled by UV exposure and dark storage, which results in switchable sliding states of water droplets (Fig. 3a) . Furthermore, Wu and coworkers 93 separately grafted two different kinds of pH-responsive polymer brushes of poly(dimethylaminoethyl methacrylate) (PDMAEMA) and poly(methacrylic acid)(PAA) onto an initiator-modified anodized alumina substrate. By regulating the swelling states of the two polymer brushes, water droplets with different pH values could roll off or adhere to the textured surface. As a result, pH-responsive boundary slippage can be achieved on such a textured surface by employing rheological experiments (Fig. 3b) .
In summary, the grafting of low-surface energy polymers onto micro/nanocomposite material surfaces enables obtaining effective boundary slippage of liquids. Especially, grafting responsive polymer brushes onto low-surface energy textured surfaces is highly effective for obtaining switchable slippage of liquids under external stimuli. However, an issue lies in that the air film at the solid-liquid interface is always unstable at large Reynolds numbers, which commonly causes the failure of drag-reduction. Therefore, how to effectively seal the air film at the solid-liquid interface is the key problem. In the future, polymer brushes can be combined with traditional coating techniques for the engineering of composite functional materials with controlled drag-reduction.
Preparation of functional superwettability devices
Grafting polymer brushes onto the inner surfaces of channels or some complex 3D structures can enable to the preparation of functional superwettability devices. For example, Wang et al. 94 described a method to prepare functional superwettability devices by grafting hydrophilic or hydrophobic polymer brushes onto the surfaces of 3D-printed polymer structures. The basic strategy is to add a vinyl-terminated initiator into ultraviolet (UV) curable resin to print integrated 3D initiator objects, namely, i3DP, with modifiable surfaces, which can easily result in functional materials by growing polymer brushes via the SI-ATRP technique (Fig. 4a) . Typically, two representative monomers have been chosen to grow polymer brush coatings on the printed architectures. One is poly(ethylene glycol) methacrylate (PEGMA), which can improve the biocompatibility of the structural material, while the other is 1H, 1H, 2H, 2H-perfluorodecyl methacrylate (PFMA), which is expected to create a surface with a lowsurface energy. Owing to the enhancement of wettability by roughness, the printed lattices became superhydrophilic and superhydrophobic after poly(PEGMA) and poly(PFMA) modification, respectively (Fig. 4b) . In particular, on the poly(PFMA)-modified superhydrophobic sphere-shaped lattice, water cannot even be thrown out under violent shaking (Fig. 4c) . This simple and cost-effective method provides a good means by which to prepare functional devices for potential applications in the fields of biomedical science, microfluidics, and oil-water/emulsion separation.
Moreover, surface wettability is intrinsically advantageous for the engineering of microfluidic devices. Grafting polymer brushes with superwettability features onto the surface of 3D channels is a necessary means for constructing functional fluidic devices. For example, Wirth and coworkers grafted hydrophilic polyacrylamide brushes onto a PDMS microfluidic chip by the SI-ATRP technique 95 . The modified microfluidic chip can minimize protein nonspecific adsorption and realize efficient separation of lysozymes and cytochromes. C. Bunker and coworkers developed a microfluidic device with switchable wettability by grafting 4 nm-thick thermoresponsive PNIPAm brushes onto the channels of a film 96 . The as-prepared microfluidic device can adsorb proteins from solution above the PNIPAm LCST based on the hydrophobic state of the polymer chains and then release them on command below the PNIPAm LCST based on the hydrophilic state of the polymer chains. So, this functional microfluidic device can realize intelligent switching between a protein-adsorbing hydrophobic state and an anti-fouling hydrophilic state. Additionally, changing the surface wettability of channels by the grafting of polymer brushes always affects the electronic properties of the materials. For example, grafting responsive polymer brushes onto the wall of a cone-shaped nanopore is highly achievable for creating functional nanofluidic devices 97 . Meanwhile, the electronic readout of the nanodevice can be intelligently switched between the "on" and "off" states by regulating its wettability, imitating similar functions to those of natural cell membranes. A detailed introduction of nanofluidic devices is provided in Section 4.6.
Reducing the surface friction
In the past few decades, many studies have indicated that surface modification with functional polymers can effectively improve the tribological properties of materials 98, 99 . Meanwhile, it has been proven that surface grafting of brushed polymers is an effective chemical means for reducing the surface friction force of materials 23 . The common method employed to realize the grafting of such polymer brushes is based on the surfaceinitiated radical polymerization (SIRP) technique 3 , which can be performed on flat/rough substrate surfaces or spherical particles. The polymer brushes grafted onto the flat/rough substrate can act as an effective barrier layer to resist heavy wear from two sliding surfaces (Fig. 5a ). By contrast, particles modified with brush chains can work as good lubrication additives to prevent sliding surfaces from directly contacting (Fig. 5b) . The grafted brushes can be hydrophilic to improve the water-lubrication properties of systems, while the surface grafting of oil-soluble polymer brushes onto a substrate can work well in oil-based lubrication systems.
Surface grafting of hydrophilic polymer brushes onto flat substrate surfaces to improve the water-lubrication properties
The basic inspiration for surface-grafting hydrophilic polymer brushes to reduce the surface friction comes from nature. In nature, some biological surfaces show extremely low-friction features based on the waterlubrication mechanism, such as our joint system and 
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. Copyright© 2013, Royal Society of Chemistry eyes. Especially in our hip and knee systems, an extremely low-friction coefficient can be achieved at high Hertz contact pressures 100 . Water alone existing in such systems cannot act as effective boundary lubricant because of its low viscosity. Natural joint systems realize low friction under high contact pressure by using bottle-brushed biomolecules at the outer surface of the cartilage 101 . Such biomolecules have suitable viscoelasticity in solution and can easily immobilize large amounts of water molecules to aid in lubrication. Inspired by this concept, reducing the friction coefficient under wet conditions by tethering hydrophilic polymers or polyelectrolytes brushes onto surfaces has been widely reported.
Meanwhile, one of the key applications for the surface grafting of hydrophilic polymer brushes is in improving the tribological properties of implantable artificial joint materials or in developing functional artificial biolubricants suitable for joint systems 22 . Originally, both linear and brush-like water-soluble polymer brushes were physically adsorbed onto solid surfaces to obtain ultralow friction coefficients in water 102, 103 . However, polymer chains attached through physical adsorption commonly have low grafting densities because of the existing steric hindrance. Additionally, physically adsorbed polymer brushes have poor bonding strength with the substrates, which results in inescapable lubrication failure from dynamic shearing under high contact pressure. By contrast, hydrophilic polymer brushes chemically grafted onto substrate surfaces commonly have high grafting density and strong bonding strength, which enables achieving stable low-friction coefficients in aqueous media 104 . Kobayashi et al. described the grafting of hydrophilic polymer brushes and polyelectrolyte brushes onto a Si substrate by a typical "grafting-from" method using the surface-initiated atom-transfer radical polymerization (SI-ATRP) technique 21 . Subsequently, the macroscopic frictional properties of the system were investigated. Friction testing of the brush-modified surfaces was performed in both aqueous medium and a humid air atmosphere within a wide sliding velocity range. In a typical case, six kinds of hydrophilic polymer brushes, including poly(DHMA) brushes, poly(PVA) brushes, poly(OEGMA) brushes, poly (MTAC) brushes, poly(SPMK) brushes and poly(MPC) brushes were grafted onto the substrate by SI-ATRP (Fig. 6a) . When a brush-modified glass ball was used as the sliding probe, the poly(MPC) brush-modified surface exhibited the lowest friction coefficient in both water and humid air. The possible lubrication mechanism is that the brushes, upon swelling in water, form a thicker hydration layer to prevent the sliding glass probe from directly contacting the substrate. For the first time, this work systematically investigated the frictional properties of polymer brushes at the macroscopic level under high contact pressure close to that in natural joint systems, rather than by employing the SFA system. This work lays a firm foundation for developing implantable artificial joint materials. Based on this work, hydrophilic polymer brushes can be grafted onto the surfaces of implantable joint materials to realize real clinical applications. The commonly used joint implantable materials are crosslinked polymers, metals, alloys and carbon films, such as UHMWPE, PEEK, Ti 6 Al 4 V, CoCrMo, stainless steel, grafted hydrophilic PSPMK polyelectrolyte brushes onto a DLC surface by the SI-ATRP technique. In a typical case, a two-step modification of the DLC films was carried out by the self-assembly of a mussel-inspired catechol ATRP initiator, followed by surface-initiated polymerization. The poly(3-sulfopropyl methacrylate potassium salt (PSPMA) brush-modified DLC surface showed ultralow and stable interface friction coefficients in water and biological fluids (saline and BSA solution) with weak dependence on the sliding velocity and load (Fig. 6b) . Such experimental results showed that surface grafting of hydrophilic polymer brushes can effectively improve the aqueous lubrication properties of DLC-liked implantable joint materials.
Kawaguchi and colleagues 22 prepared a novel hip composite material by grafting hydrophilic ploy(2-methacryloyloxyethyl phosphorylcholine) (PMPC) polymer brushes onto a cross-linked polyethylene (CL-PE) surface using a photoinitiated polymerization strategy (Fig. 7a) . In a typical case, the benzophenone initiator was embedded into the subsurface of the CL-PE by employing a solvent-induced swelling technique. Then, photoinitiated polymerization (hydrogen capturing mechanism) was performed to allow the generation of PMPC brushes, which were covalently bonded with the CL-PE substrate. Subsequently, the friction and wear properties of the PMPC-modified CL-PE were investigated (Fig. 7b) . The experimental results indicated that the PMPC grafted onto the CL-PE greatly increased both the lubricity and wear-resistance. Throughout 3 × 10 6 cycles of gravimetric loading by a hip-joint simulator, the wear amount of the PMPC-CL-PE liner was~4 and 40 times less than those of CL-PE and PE liners, respectively (Fig. 7c) . Such experimental results suggest PMPC grafting as an effective means for use in total joint replacement. Based on this finding, Kawaguchi and his research group applied this kind of material in a large-scale clinical trial. Finally, one kind of novel joint replacement product named as Aquala ® was successfully developed (Fig. 7d ). As described above, surface grafting of hydrophilic polymer brushes can effectively improve the aqueous lubrication properties of materials. However, in most cases, the grafted polymer brushes only "float" on the surface when employing the traditional SI-ATRP technique, which means that the polymer chains are often attached via a single linkage plane on the surface, without in-depth attachment. Finally, the grafting thickness of the polymer brushes is usually very thin, at dozens of nanometers to hundreds of nanometers and is very easily wiped away under high-load conditions with long-term shearing. So, polymer brushes prepared by the traditional SI-ATRP technique commonly have poor load-bearing and wear-resistance properties. This problem limits the real applications of polymer brushes in engineering tribology.
Surface grafting of hydrophilic polymer brushes onto spherical particles to prepare functional water-lubrication additives Grafting of hydrophilic polymer brushes onto spherical particles enables the preparation of charged but hairy particles, which can be used as water-lubrication additives in biological systems. Compared with conventional lubricant additives, spherical particles grafted with charged polymer brushes show unique advantages in the field of aqueous lubrication as a novel kind of biomimetic joint fluid. For example, Liu et al. 106 reported the fabrication of core/shell charged polymer brush-grafted hollow silica nanoparticles (PSPMA-g-HSNPs) (Fig. 8a) . Owing to the good hydration capability of the shells consisting of charged PSPMA polymer brushes, the functional nanoparticles can achieve a good but concentration-dependent lubricating effect in aqueous media. Meanwhile, the mesoporous hollow silica core also endows the nanoparticles with a good drug loading/release capability. The good lubrication properties, along with the controllable drug loading/release capability, makes these functional nanoparticles a possible joint lubricant fluid to be used in arthritis treatment.
Even though the above core/shell charged polymer brush-modified nanoparticles (PSPMA-g-HSNPs) show good water-lubrication properties, the hollow silica core is truly too hard. It can be imaged that such core/shell nanoparticles would be easily broken under high-load conditions because of the high interface contact pressure. As a matter of fact, the main components of natural synovial fluid are hyaluronan, aggrecan, and glycoproteins lubricin, which are all soft but viscoelastic biopolyelectrolytes 108 . Inspired by this, Liu et al. 107 described the combination of polymer brushes and microgels to prepare a kind of soft water-lubrication additive, which may be a promising candidate for simultaneous biomimetic lubrication and arthritis treatment (Fig. 8b) . In a typical case, poly(3-sulfopropyl methacrylate potassium salt) (PSPMK) brushes were grafted onto the surface of poly(N-isopropyl acrylamide) (PNIPAAm) microgels, resulting in the preparation of hairy microgels. After employing soft friction pairs, an ultralow coefficient of friction can be achieved. Moreover, the hairy microgels showed a desirable temperature-triggered drug release performance. These soft and charged hairy microgels offer great possibility for designing intelligent synovial fluid. Especially, compared with traditional polymer brush-functionalized hard nanoparticles, soft hairy microgels possess good elastic deformability, and viscoelasticity and can be better adapted to strong mechanical shearing under high-load conditions. Even though the above hairy microgels can realize good water-lubrication properties, the applied loads under sliding are commonly low because of the low-elastic modulus of soft friction pairs. Recently, Li et al. 109 described a strategy to prepare one kind of novel soft/hard combination microsphere, which can act as a good waterlubrication additive in the boundary lubrication regime. In a typical case, amphiphilic polymer nanospheres of poly (3-sulfopropyl methacrylate potassium salt-co-styrene) [P (SPMA-co-St)] were prepared by a simple soap-free emulsion polymerization method. Then, the nanospheres were added into water, and the corresponding tribological properties were investigated on the surface of a Ti 6 Al 4 V alloy. Compared with pure PSt microspheres, the soft/hard combination microspheres exhibited good friction-reduction and anti-wear properties. The responsible mechanism is in the soft/hard combination microspheres being able to effectively dissipate the normal stress distribution because of their effective elastic deformation under dynamic shearing processes, which . Copyright© 2014, American Chemical Society largely restrains the rupture of the microparticles. Swelling of PSPMK polyelectrolyte chains on the surface of the soft/hard combination microspheres provides a good hydration layer to reduce the interface friction, and the typical rolling friction mechanism in the boundary lubrication regime yields good anti-wear properties. Such experimental results suggest a basic design principle for developing functional water-lubrication additives to be used under high-load conditions.
Surface grafting of polymer brushes to improve the lubrication of oil-based systems
The use of surface-grafting polymer brush techniques to improve interface lubricity has not only been limited in aqueous systems but has also been investigated in nonaqueous systems, for example, in oil. Commonly, polymer brushes with long alkyl chains have very good compatibility in oil, while the oil itself has excellent rheological properties. Therefore, one basic strategy to design oilsoluble lubrication interfaces is to combine oleophilic polymer brushes with oils. Oleophilic polymer brushes can swell sufficiently in oils and provide an effective "brush-like" barrier layer at the substrate surface to prevent real contact between two sliding surfaces 110 . Spencer and colleagues 111 grafted a series of alkyl chainsubstituted polymethacrylate brushes onto the surface of a silicon wafer by the SI-ATRP technique and then investigated their tribological properties in different solvent environments (good and poor solvents) (Fig. 9a) . The experimental results showed that silicon surfaces modified with P12MA and P18MA polymer brushes display significantly lower coefficients of friction compared to those measured on an unmodified silicon wafer or P6MA-coated surface in hexadecane (good solvent). This indicates that the surface-grafting of oil-soluble long alkylbearing polymethacrylates brushes onto substrates surface can effectively reduce the coefficient of friction.
As described above, the surface grafting of oil-soluble polymer brushes can effectively reduce the friction between two sliding surfaces. When grafting oil-soluble polymer brushes onto the surface of nanoparticles, it is highly possible to synthesize excellent lubrication additives for use in oil. For example, Qu et al. 112 reported the preparation of one kind of novel oil-soluble hairy nanoparticles (NPs) as highly effective lubricant additives. The as-prepared hairy NPs exhibited exceptional long-term stability in PAO and demonstrated good lubrication properties. In a typical case, they grafted poly-(lauryl methacrylate) (PLMA) brushes onto initiator-modified SiO 2 and TiO 2 NPs (Fig. 9b) by the SI-ATRP technique. Meanwhile, four PLMA hairy silica NP samples with different molecular weights were prepared. The hairy NPs can be well dispersed in PAO and exhibited exceptional stability in both low-temperature and high-temperature environments for as long as 55 days. Significant reduction of both the COF and wear was observed after adding 1 wt % hairy NPs into PAO. Such results indicate that using oil-miscible polymer brushes to functionalize inorganic NPs additives is highly effective at improving the lubrication and wear resistance of oil systems, which opens opportunities to further improve the durability and efficiency of lubricating oils.
In summary, the surface grafting of hydrophilic polymer brushes can highly improve the lubrication and wearresistance properties of materials in aqueous systems, while the surface grafting of oil-soluble polymer brushes can effectively separate the contact between two sliding surfaces in oil. Moreover, surface-grafting polymer brushes onto the surface of nanoparticles can produce functional additives for use in both water and oil-based systems. Meanwhile, surface grafting of hydrophilic polymer brushes shows potential advantages in improving the lubrication properties of medical instruments, developing implantable artificial joint materials and preparing functional artificial lubricants. However, the practical problem is that the traditional SI-ATRP technique for grafting polymer brushes always produces residual trace amounts of the metal catalyst (for example Cu 2+ ion), which may cause certain biotoxicities in biological systems. Therefore, the remaining challenge is in how to completely remove the residual metal catalyst from the polymer brush network, which is crucial for biologically related applications. Meanwhile, the photoinitiated grafting polymerization technique may be a good choice to address this problem.
Catalyst support in the microreactor immobilization of metal nanoparticle carrier systems Surface-grafting polymer brushes can provide an effective route for immobilizing metal nanoparticles, which enables the successful preparation of functional polymernanoparticles composite catalyst systems. In a typical case, long cationic polyelectrolyte brush chains with anionic counter ions are chemically grafted onto the surfaces of particles. Then, the counter ions are replaced by suitable ions of noble metals. This is followed by reduction using suitable reagents such as NaBH 4 , and the noble metal nanoparticles can be in situ generated and embedded into the polyelectrolyte brush layer. For example, Yu et al. 113 grafted cationic PMETAC polyelectrolyte brushes onto the surface of colloidal polystyrene particles (diameter: ca. 100 nm) and then exchanged the Cl -counter ions with AuCl 4 2-, PdCl 4 2-or PtCl 6 2- (Fig. 10a) . After reduction by NaBH 4 , well-defined metal nanoparticles, such as Au, Pd, and Pt, can be in situ generated in the PMETAC layer. SEM characterization showed that no coagulation took place during the generation of the nanoparticles on the surface of these polystyrene particles. Therefore, polyelectrolyte brushes can work as an ideal carrier for immobilizing nanoparticle catalysts. Meanwhile, polyelectrolyte brushes can not only provide a support template for stabilizing single noble metal nanoparticles but can also be used in the generation of binary mixed metal nanoparticles catalyst systems. Matthias and colleagues 114 reported the preparation of a Au@Pt binary alloy nanoparticle catalyst system by using the cationic PMETAC polyelectrolyte brush as a support template (Fig. 10b) . The catalytic activity of the polyelectrolyte brush confinement of the Au@Pt nanoparticles was evaluated by applying the oxidation of alcohols to the respective aldehydes. The as-prepared alloy nanoparticles showed very high selectivity toward aldehydes owing to the mild reaction conditions. Moreover, polyelectrolyte brushes can also be grafted onto the inner surface of micro/nanochannels and then loaded with noble metal nanocatalysts, which enables the construction of intelligent flow-catalyst systems and presents fascinating advantages in heterogeneous catalysis 115 . Meanwhile, a parallel array of straight channels with polyelectrolyte brush-stabilized nanocatalysts offers a high surface area and effective confinement for reagents 116 . For example, Liu et al. 117 reported a method to finely modify a nanoporous anodic aluminum oxide (AAO) film with PMETAC polyelectrolyte brushes by the (Fig. 10c) . The as-prepared AAO membrane can be used as a functional film to realize flow-through catalysis. Experimental results showed that the functional film possessed highly effective catalytic activity and could realize instantaneous separation of products from the reaction system based on the reduction of 4-nitrophenol. Subsequently, Ma et al. 118 developed a general method for realizing the asymmetric modification of an AAO membrane by separately grafting anionic PSPMA and cationic PMETAC polyelectrolyte brushes onto each side of the membrane. After in situ counter ions exchange and a following subsequent reduction reaction, polyelectrolyte . Copyright© 2013, Royal Society of Chemistry brush-stabilized Au and Pd nanoparticle catalysts were generated on the inner nanochannel surfaces of each side of the AAO. The as-prepared asymmetric catalyst system showed high flow-through catalytic efficiency in the reduction of 4-nitrophenol. However, further experiments to investigate the continuous flow catalytic capacity based on two-step organic reactions through either nanoparticle (Au or Pd) system were lacking.
As described above, the surface grafting of polyelectrolyte brushes can provide suitable support for the loading of metal nanocatalysts, enabling successful preparation of a "nanoreactor". However, in most cases, the catalytic activity of the "nanoreactor" is single and not controllable, which limits its possible application as an intelligent catalyst system in smart environments. To address this problem, Lu et al. 119 reported the first system that can allow controlling the activity of the nanoparticle catalyst by using the temperature-responsive polymer brushes as a functional layer. In a typical case, crosslinked poly(N-isopropyl acrylamide) (PNIPAm) brushes were grafted onto the poly(styrene) (PS) core, and then Ag nanoparticles were in situ loaded within the polymer layer to construct a responsive nanoreactor (Fig. 11a) . Upon suspending the nanoreactor in water at room temperature, the PNIPAm polymer chains would generate swelling, which made the catalyst accessible to reactants at low temperatures. In this case, the Ag nanoparticle catalyst showed very high catalysis activity. Above the LCST of the PNIPAm polymer chains, the polymer network would generate shrinkage, which would prevent the diffused reactants from approaching the Ag catalyst. Correspondingly, the rates of the reactions catalyzed by the nanoparticles slow. Above all, the catalytic activity of the Ag nanoparticle catalyst can be well modulated by temperature.
Minko and colleagues 120 grafted pH-sensitive P2VP polymer brushes onto the surface of silica NPs using the "grafting to" approach. Subsequently, Au NPs were noncovalently immobilized onto the P2VP shell by electrostatic interactions and van der Waals interactions (Fig. 11b) . The pH-driven shrinkage and swelling of the P2VP chains provides good control over the interparticle distance between the Au NPs in the P2VP shell. Correspondingly, changes of the interparticle distance are accompanied by a shift of the maximum wavelength of the surface plasmon absorption peak. As a result, a responsive free-standing nanoparticle plasmonic device capable of an optical response to pH changes in liquid medium was well prepared. Such hierarchically assembled nanostructures can be used as free-standing single-particle sensors in various miniaturized analytical systems.
Given (Fig. 11c) . The prepared Fe 3 O 4 @PND@Au nanocomposite can realize magnetically recyclable and thermally tunable catalysis. In a typical case, the thermosensitive PND shell with swelling and collapse features can act as a retractable Au carrier, thereby tuning the aggregation and dispersion of Au nanoparticles, resulting in increases and decreases of the catalytic activity. Concurrent with the thermally tunable catalysis, the magnetic susceptibility of the magnetic core enables the nanocomposites to serve as smart nanoreactors that are magnetically recyclable. This means that the Fe 3 O 4 @PND@Au nanocomposite can be easily recycled by using an external magnet after catalytic reduction. The experimental results show that the catalysts can be successfully recycled for several cycles, and the conversion efficiency remains stable (~95%).
In summary, the surface grafting of polymer brushes can provide an effective route for the immobilization of metal nanocatalysts onto the surface of nanoparticles or channels of porous membranes, which enables the successful preparation of functional composite catalyst systems as "nanoreactors". Especially, the surface grafting of responsive polymer brushes for the loading of metal nanocatalysts enables easy control of the catalyst activity through applying external stimuli, such as changes in temperature and pH. These functional nanocatalyst systems will present fascinating applications in heterogeneous catalysis. However, one crucial question for these systems is in the cyclic stability of the nanoparticle catalysts in the polymer brushes layer when they encounter harsh reaction conditions, such as high temperatures, strong acids or strong bases and strongly polar organic solvents.
Preparation of functional membranes
Through grafting polymer brushes onto the inner surfaces of membrane channels, it is possible to construct functional interfacial transportation and separation materials. The grafting of polymer brushes onto porous thin films provides a series of important applications, such as controlling ion [122] [123] [124] and molecular transportation [125] [126] [127] and realizing the effective separation of mixed gases. Especially, the use of responsive polymer brushes for interfacial modifications enables the easy construction of stimuli-responsive film materials, of which the ionic, molecular and gas transportation properties can be well controlled. For example, Brunsen et al. 128 performed the polymerization of 2-(methacryloyloxy) ethyl phosphate (MEP) monomer units into and onto mesoporous silica thin films to construct an ion-tunable transportation material. Meanwhile, PMEP brushes were used as "gatekeepers" and were located not only on the outer surface of the mesoporous thin films but also in the inner environment of the porous scaffold. In detail, the ion-gate response/operation was based on the protonation and/or chelation of phosphate monomer units of PMEP polymer brushes, which worked as an off-on switch in response to the presence of protons or Ca 2+ ions (Fig. 12a) . Experimental results show that the integration of stimuliresponsive polymer brushes into nanoscopic supramolecular architectures would provide new routes toward multifunctional biomimetic nanosystems, which display considerable transportation properties similar to those encountered in biological ligand-gated ion channels.
Membranes modified with polymer brushes can not only demonstrate possible applications in ion transport but can also be used to transport and separate molecules. transportation of neutral molecules through multilayer polyelectrolyte brush-modified films, which show significant size-based discrimination among organic analytes. In a typical case, the poly(styrene sulfonate) (PSS)/ poly(allylamine hydrochloride) (PAH) brush-modified porous alumina membrane exhibited a high selectivity for glucose/sucrose of~150, while it showed low selectivity for methanol/glycerol of~2 (Fig. 12b) . These functional membrane materials may be applicable in salt/sugar separation or in the removal of organic pollutants from water.
Furthermore, membranes modified with polymer brushes can be used to separate gas mixtures. Bruening and colleagues 129 grafted cross-linked poly(ethylene glycol dimethacrylate) (PEGDMA) and linear poly(2-hydroxyethyl methacrylate) (PHEMA) polymer brushes onto a substrate surface to prepare two types of ultrathin (∼50 nm) polymer skin film materials by the SI-ATRP technique. The grafted polymer chains can cover both the inner channels and the outer surface of the porous support without filling the underlying pores. Then, a gas permeation experiment was performed based on these two kinds of ultrathin membrane skin materials. The experimental results showed that the PEGDMA film had a CO 2 /CH 4 selectivity of ∼20 and an O 2 /N 2 selectivity of ∼2, whereas the uncross-linked PHEMA film showed very little selectivity (Fig. 12c) . However, the selectivity of the PHEMA film improved significantly after derivatization with fluorinated acid chlorides. These results indicate that the surface grafting of polymer brushes is indeed capable of forming ultrathin, defect-free membrane skins that can potentially be derivatized for specific separations.
In addition, porous membranes modified with a polyelectrolyte brush layer can also be used for biological applications. Dai et al. 130 coated porous alumina membranes with a poly(acrylic acid) (PAA) polyelectrolyte brush layer, followed by covalently immobilizing antibodies. The as-prepared functional membrane could be used as a flow-through system for the analysis of fluorescently labeled antigens. In a typical case, the detection limitation in the analysis of Cy5-labeled IgG can achieve 0.02 ng/ml based on the high surface area of the alumina membrane.
As described above, the surface-grafting polymer brush technique can be used for the preparation of functional membranes to realize special functionalities in transportation and separation. Additionally, the surface-grafting polymer brush technique provides an effective means for the easy preparation of bioinspired nanomachines, such as biosensors and molecular filtration and nanofluidic devices. For example, upon grafting polymer brushes onto inner surface of an artificial single nanochannel, the resulting system can be used as an ideal candidate for mimicking the ionic transport process of organisms in nature 97 . Especially, the surface grafting of responsive polymer brushes onto an artificial single nanochannel enables the making of intelligent artificial nanochannel devices with similar functions to those of natural cell membranes.
Inspired by the switchable ionic current feature based on the pH-dependent transport function in living organisms, Azzaroni and colleagues 131 incorporated pHresponsive poly(4-vinylpyridine) brushes into single solid-state PET nanochannels. The resulting nanochannel devices can realize controllable ion transportation properties and switchable ionic current features by manipulating the proton concentration in the surrounding environment (Fig. 13a) . As a result, the electronic readout of the device can be switched between the "on" and "off" states in response to pH changes of the media. Based on the same design concept, Yameen et al. 132 grafted pHresponsive poly(2-(methacryloyloxy) ethyl phosphate) (PMEP) brushes onto single conical PET nanopores by using the photoinitiated polymerization technique. Based on the pH-responsive feature of the PMEP brush (pK 1 4.5 and pK 2~7 .7), the PMPE-modified nanopore displayed a low-conductance, nonpermselective state below pK 1 , while it presented high transmembrane ionic currents above pK 2 (Fig. 13b) . Finally, the experimental results showed that the modified nanopore exhibited a well-defined tunable rectifying property in agreement with the pH-dependence of the average charge of the MEP units. This work opens a new door for preparing switchable nanopore machineries capable of generating multiple protonation states.
However, biological ion channels in nature are responsive not only to one kind of stimulus but to multistimuli. Based on this fact, Guo et al. 133 grafted temperature-and pH-dual-responsive poly(N-isopropyl acrylamide-co-acrylic acid) brushes onto the wall of a cone-shaped nanopore, resulting in the successful preparation of a dual-functional nanofluidic device. The ion conducting state of the device can be well controlled by simultaneously changing the temperature and pH value of the media. The controllable ion conducting state of the nanopore device results from the temperature-or pHtriggered conformational transition of the attached copolymer brush chains. Therefore, it can be easily imagined that the surface grafting of other stimuli-responsive polymer brushes onto the nanopore can enable the design of smart multiresponsive functional nanofluidic systems resembling those of "live" creatures in nature. Subsequently, Jiang and colleagues 134 developed one kind of new asymmetric responsive nanochannel device system, which provides simultaneous control over both the pHand temperature-tunable asymmetric ionic transport properties (Fig. 13c) . This system, as a good example, could potentially be used in further experimental and theoretical studies to develop more complex "smart" nanofluidic device systems.
In summary, the surface grafting of polymer brushes onto the inner surface of membrane channels enables the construction of functional materials for a series of important applications, such as controlling ion and molecular transport and realizing the effective separation of mixed gases. Especially, grafting of responsive polymer brushes onto the wall of a cone-shaped nanopore is highly applicable in creating functional nanofluidic devices. Meanwhile, the electronic readout of the nanodevice can be switched between the "on" and "off" states in response to stimuli changes in the media. A key challenge in this technique is how to finely/selectively control the modification of membrane channels with polymer brushes, rather than covering the channels and surface completely. Therefore, necessary technical means should be developed to address this problem.
Anti-biofouling Resistance to nonspecific protein adsorption
The surface grafting of hydrophilic polymer brushes onto materials is an effective route by which to prevent nonspecific protein adsorption and cell adhesion, which has a series of applications. Surfaces modified with poly (ethylene glycol) (PEG) brushes have been extensively studied and used for resistance to nonspecific protein adsorption. For example, Chilkoti and colleagues 135 grafted (EG)n-functionalized polymer brushes with tunable thickness onto a substrate surface by the SIP technique. The as-prepared surface exhibited very weak adsorption of proteins and maintained effective cell resistance for up to a month in cell culture media. Meanwhile, the steric exclusion effect was considered one of the key reasons behind the PEG polymers resisting 132 . Copyright© 2010, Royal Society of Chemistry. c Constructing a biomimetic asymmetric responsive single nanochannel system by grafting temperature-responsive PNIPAAm polymer brushes onto one side of the nanochannel and pH-responsive PAAc polymer brushes onto the other side of the nanochannel to realize asymmetric responsive ionic transport properties in this nanochannel system. Reprinted with permission from Jiang and colleagues 134 . Copyright. 2010, American Chemical Society protein adsorption 136 . However, some reports indicated that the PEG group would decompose in the presence of oxygen and transition metal ions, and such phenomenon was found in most biochemically relevant solutions [137] [138] [139] , which prevents the real application of this system. To address this problem, Zheng et al. 140 developed poly (HPMA) brush systems with different film thicknesses and surface roughness values by using the improved twostep SI-ATRP method. The anti-fouling properties of the as-prepared surfaces were examined in single-protein solutions, diluted and undiluted human blood plasma and serum, and cell adhesion culture. Experimental results showed that the poly(HPMA) brushes can exhibit high resistance to nonspecific protein adsorption within a range of film thicknesses. This work provides an effective alternative ATRP method for generating stable antifouling materials based on poly(HPMA) brushes, rather than biodegradable PEG, for biomedical applications.
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In addition to neutral polymer brushes such as PEG and PHPMA, charged polymer brushes have also been extensively studied as novel anti-fouling materials. For example, phosphorylcholine (PC)-based polymers or surfaces can effectively reduce protein adsorption 141 . They are considered biomimetic fouling-resistant materials since they contain phosphorylcholine headgroups, which are found in the outside layer of cell membranes. The strong hydration of a PC-modified material allows proteins to contact the surface reversibly without conformational changes 142, 143 . Moreover, the flexibility and mobility of the PC group may play critical roles in weakening protein-surface interactions 144, 145 . Therefore, it can be imagined that the grafting of PC-liked polymer brushes onto substrate surfaces can highly improve the anti-fouling properties 146, 147 . Based on this, zwitterionic polymer brushes have been extensively synthesized and then grafted onto the surfaces of materials to investigate the protein resistance properties.
Brash and colleagues 148 grafted poly(2-methacryloyloxyethyl phosphorylcholine) (PMPC) brushes at different grafting densities and with different chain lengths onto silicon wafers by SI-ATRP. The effects of the PMPC chain length on fibrinogen and lysozyme adsorption were systematically studied in TBS buffer solution. The results indicated that the adsorption of both kinds of proteins onto the poly(MPC)-grafted surfaces was greatly reduced comparable to that onto the unmodified silicon, and the adsorption was obviously weakened with increasing chain lengths of the PMPC brushes. Furthermore, the experimental results showed that the sizes and charges of proteins were independent of the resistance to adsorption on PMPC-grafted surfaces. Yoshimoto et al. 149 grafted poly (2-(methacryloyloxy) ethyl phosphorylcholine) (PMPC) brushes onto a gold surface by the "grafting to" method using a monosulfanyl-terminated polymer. The experimental results showed that the amount of BSA adsorption on the PMPC-modified surface was significantly decreased for thicker PMPC layers; thus, the number of MPC units on the gold surface appears to be an important factor in controlling the protein adsorption.
In addition to phosphorylcholine (PC)-based polymer brushes (PMPC), other kinds of zwitterionic polymer brushes have also been grafted onto substrate surfaces to investigate the resistance to nonspecific proteins adsorption. For example, Jiang and colleagues 150 grafted poly (sulfobetaine methacrylate) (PSBMA) brushes onto a gold surface by using atom-transfer radical polymerization (ATRP). The experimental results demonstrated that the PSBMA-grafted surface could highly resist nonspecific protein adsorption, and polymer brush layers with a wide range of thicknesses all had excellent protein-resistant properties. Following this finding, Jiang and colleagues 57 prepared an interpenetrating polymer network (IPNs) film by modifying segmented polyurethane (SPU) with crosslinked PSBMA brushes. The as-prepared IPN films could effectively resist nonspecific protein adsorption. Additionally, it can be imagined that the mechanical stability of PSBMA brushes can also be enhanced based on chemical interpenetration in the SPU films, which implies special applications of the film in harsh environments. Moreover, Zhang et al. 151 developed a dual-functional biocompatible material based on zwitterionic poly(carboxybetaine methacrylate) (PCBMA) brushes. The dual-functional property is unique to the carboxybetaine moieties in PCBMA and is not found in other nonfouling moieties. After grafting the PCBMA brushes onto the gold surface, the modified surface can largely prevent the nonspecific adsorption of three typical test proteins, which are fibrinogen, lysozymes, and human chorionic gonadotropin (hCG).
As described above, both neutral and the zwitterionic polymer brushes can effectively resist the nonspecific adsorption of proteins. However, a basic comparison of the anti-fouling properties among these kinds of polymer brushes is lacking. Jiang and colleagues 25 prepared three kinds of hydrophilic surfaces by separately grafting POEGMA, PSBMA, and PCBMA brushes and then studied their interactions with human serum and plasma. In a typical case, both low concentrations (10%) and high concentrations (100%) of human serum and plasma solutions were chosen as testing proteins, with the experiments monitored by a custom-built SPR sensor. The experimental results showed that PCBMA-modified surface had improved resistance to nonspecific protein adsorption from human serum and plasma over the POEGMA and PSBMA surfaces (Fig. 14a) . The greater improvement of PCBMA over that of PSBMA may come from the shorter distance between the charged groups on the polymer chains, resulting in a stronger hydration layer on the gold surface. Correspondingly, the experimental results showed that the zwitterionic polymer brushmodified surface demonstrated improved resistance to nonspecific protein adsorption, which was comparable to that from neutral polymer brushes and SAMs and may have resulted from the increased hydration degree.
However, conventional zwitterionic polymer brushes commonly have a permanent charge center, while neutral polymer brushes always maintain a stable hydration degree, making it impossible to realize the dynamic control of nonspecific protein adsorption. Based on this, Jiang and colleagues 152 presented a rationally designed polymer with a tertiary amine and a carboxylic acid, which is capable of reversible switching among the three different charged states of cationic, zwitterionic and anionic and, importantly, of maintaining the zwitterionic state under physiological pH conditions (Fig. 14b) . As a result, oppositely charged proteins can preferentially adsorb onto a charged substrate surface selectively and then be completely removed by switching the surface to the zwitterionic state. Furthermore, the experimental result showed the zwitterionic state can effectively resist nonspecific protein adsorption from undiluted blood plasma and serum under physiological conditions. The charge switching ability, along with the ultralow fouling properties at physiological pH, makes this material desirable for specialized applications. Additionally, Okano and colleagues Fig. 14 Surface grafting of polymer brushes for resistance to nonspecific protein adsorption. a The relationship between the hydration degree and the protein resistance capacity for poly(oligo(ethylene glycol)) methacrylate (POEGMA), polymer sulfobetaine methacrylate (PSBMA) and poly(carboxybetaine methacrylate) (PCBMA) brushes and the corresponding nonspecific adsorptions of 10% human serum in PBS and 100% human serum on a series of surfaces. Reprinted with permission from Ladd et al. . Copyright© 2014, Royal Society of Chemistry modulated adsorption/desorption property of proteins will be further applicable to many other protein purification processes.
Antibacterial
Even though hydrophilic surfaces modified with polymer brushes can effectively resist the adsorption of nonspecific proteins, can such surfaces also be effective in preventing the undesirable adhesion of bacteria or the formation of biofilms? Commonly, polymer brushes with positively charged quaternary ammonium groups at physiological pH have been widely used as effective antibacterial materials. In the case of polycationic polymer brushes, interaction with the negatively charged cell surface is expected to take place to a greater extent because of the much higher charge density carried by the surfacegrafted polymer brushes.
Based on this strategy, researchers have performed many works to investigate the antibacterial behavior of materials functionalized with polymer brushes. For example, Matyjaszewski and coworkers 154 found that poly (quaternary ammonium) brushes can be used as antimicrobial polymeric coatings on inorganic surfaces. Meanwhile, poly(2-(dimethylamino) ethyl methacrylate) (PDMAEMA) brushes were quaternized with alkyl bromides to obtain quaternary ammonium groups, resulting in a surface with excellent antimicrobial activity. Especially, the experimental results indicated that the charge density of PDMAEMA brushes was an important element in achieving maximum kill efficiency. Additionally, Luzinov and coworkers studied the use of mixed polymer brushes to control the adhesion of bacteria onto surfaces 26 . In a typical case, the substrate surface was modified with bacteria-repelling PEG brushes and positively charged quaternized poly(vinylpyridine) brushes. The experimental results demonstrated that the mixed polymer brushes could generate a 400-fold difference in the adsorption of S. aureus, which will allow the design of substrates with tunable bacteria adsorption properties.
In addition to the grafting of single polycationic polymer brushes, surface grafting of zwitterionic polymer brushes can also be a good choice for engineering excellent antibacterial materials. For example, Jiang and colleagues 155 studied the antibacterial properties of a PSBMA brush-modified surface. In a typical case, shortterm (3 h) and long-term (24 or 48 h) adsorption tests for two bacterial species on the modified surface were conducted using a laminar flow chamber. Correspondingly, a P(OEGMA) brush-grafted surface and SAMs-modified surface were also used for comparison. The experimental results showed that the PSBMA brush-grafted surface could effectively reduce the short-term adhesion of S. epidermidis and P. aeruginosa relative to that on bare glass. In the long-term investigation of biofilm formation, qualitative images showed that PSBMA brushes could dramatically reduce the biofilm formation of S. epidermidis and P. aeruginosa (Fig. 15a) . These results suggested that zwitterionic PSBMA brushes are an excellent anti-fouling material for resisting bacterial adhesion and biofilm formation. Further, Cheng et al. 156 investigated the resistance to long-term bacterial biofilm formation of PCBMA brush-grafted surfaces. In a typical case, the long-term (over 24 h) colonization of two bacterial strains on a PCBMA brush-grafted surface was investigated using a parallel flow cell under a wide temperature range, while bare glass was used as the control. The experimental results showed that the PCBMA brush-modified surface could reduce the long-term biofilm formation of P. aeruginosa at up to 240 h by 95% at 25°C and at 64 h by 93% at 37°C (Fig. 15b) . The significant resistance to bacterial biofilm formation makes the PCBMA coating a very promising material for biomedical and industrial applications. Moreover, the grafting of active antimicrobial agents onto the surface of polymer brushes can also yield surfaces with excellent antibacterial properties. For example, antimicrobial peptides (AMPs) are commonly attached to polymer brushes to create surfaces with efficient antibacterial properties 157, 158 .
Marine anti-fouling
Biofouling 159 has become a widespread problem in the marine industry for both military and commercial vessels, with effects, including the increase of fuel consumption, drydocking cleaning expenses, loss of hull strength, biocorrosion, etc. A number of functional anti-biofouling (AF) materials have been developed in recent years. Meanwhile, learning from nature seems to provide an effective strategy for developing ideal marine anti-fouling materials. As a matter of fact, fishes in the sea are almost never contaminated by marine microorganisms. The most intuitive reason responsible for this is that the surface of fishes is hydrophilic, soft and slippery. Inspired by fishes, a series of approaches have been developed to create a hydrophilic surface to resist the biofouling in marine settings. The surface grafting of hydrophilic polymer brushes onto material surfaces was proven as an effective means for developing functional marine anti-biofouling materials 160, 161 . Wan et al. 162 grafted hydrophilic poly(3-sulfopropyl methacrylate) (PSPMA) brushes onto a biomimetic structural surface replicated from natural Trifolium leaf. Subsequently, settlement assays with two species of microalgae in static culture were employed to investigate the anti-fouling properties of the as-prepared material. The experimental results indicated that both the surface microstructures and chemical composition could effectively improve the marine anti-fouling properties (Fig. 16a) . Correspondingly, the synergy of the structure and surface composition provides a promising strategy for designing environmentally friendly marine AF coatings. Based on the same design principle, Ma et al. 163 grafted hydrophilic polyelectrolyte brushes (PSPMA) onto four kinds of gecko-inspired fibrillar arrays with different surface geometries via SI-ATRP. Then, the anti-biofouling properties of the four PSPMA-grafted arrays were evaluated by employing two kinds of algae cells, Chlorella sp. and Navicula sp. The experimental results showed that these PP-PSPMA arrays could mitigate biofouling effectively. Subsequently, Du et al. 66 fabricated underwater micro/nanobrush surfaces by grafting hydrophilic polymer brushes onto soft hydrogel nanofibers. The experimental results showed that the PSPMA-modified micro/ nanobrush dual-structure surface had excellent performance against algal attachment, which could provide guidance in the design of eco-friendly anti-fouling materials for use in marine environments.
However, natural anti-biofouling surfaces in marine environments commonly encounter dynamic fluid flushing. Many marine organisms attached to reefs, such as sea anemones, have long, thin and hairy tentacles at a high density, which can sway back and forth in the dynamic sea water and suffer no biofouling at all. Therefore, investigating the attachment of marine organisms onto hydrophilic material surfaces under a static culture mode is not persuasive. Correspondingly, a dynamic culture mode of algal attachment was suggested, which is highly effective for developing long-lasting antifouling materials. Based on this purpose, Wan et al. 164 grafted poly-sulfopropyl methacrylate (PSPMA) brushes onto natural fur with a high density of soft hair fibers by SI-ATRP. Subsequently, series of laboratory static and dynamic settlement assays with microalgae and zoospores were carried out to systematically investigate the relationship among the modified PSPMA brushes, the density/shape/length of the hair fibers and the antifouling properties. The experimental results indicated that the PSPMA brush-modified hairy surface could be effective against the settlement of microalgae/zoospores in different bioassays, especially in dynamic settlement (Fig. 16b) . In general, hairy surfaces with higher fiber densities and larger fiber lengths tend to display lower settlement of microalgae/zoospores, while hydrophilic PSPMA brushes on these surfaces can further improve the anti-fouling properties.
Furthermore, the surface grafting of hydrophilic poly (ionic liquid) brushes has also been proven as an effective route by which to improve the marine anti-fouling properties of materials. Some previous studies showed that attaching ionic liquid moieties to polymer brush chains was effective for developing novel antimicrobial agents and anti-biofouling materials 165, 166 . For example, Ye et al. 167 grafted high-density poly(ionic liquid) brushes onto material surfaces via surface-initiated ring-opening metathesis polymerization (SI-ROMP). The as-prepared materials possessed excellent antibacterial and antibiofouling properties. Zhao et al. 168 grafted zwitterionic polymer brushes based on sulfobetaine vinylimidazole (pSBVI) onto silicon substrates by electrochemical surface-initiated atomic-transfer radical polymerization (e-SI-ATRP). The as-prepared functional material exhibited excellent anti-fouling activities because of the presence of the two bactericidal functional groups, imidazolium and sulfonate. Subsequently, Zhao et al. 169 reported the synergistic anti-fouling effects of nonionic, cationic and anionic compounds in combination with a poly(ionic liquid) toward suppressing marine fouling. Meanwhile, nonionic, cationic and anionic compounds were grafted onto substrate surfaces by a light-induced click reaction, while poly(ionic liquid) brushes were grafted onto the as-prepared surfaces via surface-initiated ring-opening metathesis polymerization (SI-ROMP). Finally, the researchers obtained surfaces with binary functional components. The anti-fouling properties of the sole component-and binary components-modified surfaces were evaluated by an algae adhesion assay using Navicula spores and Dunaliella tertiolecta. The antifouling testing results showed that the binary compoundmodified substrate surface exhibited better antiadsorption performance than did the sole componentmodified substrate, owing to the synergistic anti-fouling effect of the binary components.
As reported above, the surface grafting of hydrophilic polymer brushes can effectively improve the antibiofouling properties of materials. However, the grafted polymer brush layer is commonly too thin and does not have in-depth attachment. Additionally, the grafted polymer brushes are easily dissociated from the substrate surface because of the unavoidable degradation processes in the marine environment. This problem limits the real application of polymer brushes in marine environments. To address this problem, Zhou and colleagues 170 proposed a novel subsurface-initiated atom-transfer radical polymerization (sSI-ATRP) method to construct a thick, embedded, robust and renewable polymer brush composite layer on the substrate surface (Fig. 16c) . The thickness of the polymer brush-modified composite layer can reach tens of micrometers. The experimental results indicated that the PSPMK polymer brush-modified composite layer can provide extremely good anti-fouling properties, even after 30 days of culture in a real marine environment. By contrast, the control surface was very easily contaminated by marine organisms. This study provides a facile route by which to construct a lasting marine anti-fouling coating by the subsurface grafting polymer brush technique.
In summary, as reviewed above, the surface grafting of hydrophilic polymer brushes can effectively improve the anti-fouling properties of materials, including the resistance to nonspecific protein adsorption and to the undesirable adhesion of bacteria or the formation of biofilms and can slow marine biofouling. Meanwhile, grafting of ionic and zwitterionic polymer brushes onto material surfaces can highly improve blood compatibility, which exhibits potential applications in the biomedical field. By contrast, the authors think that the surface-grafting polymer brush technique is not a good choice for developing functional materials to resist marine biofouling because of the high cost of preparing a brushed surface. However, using such a technique is highly available to simulate and understand the natural anti-fouling mechanisms of marine organisms, which is especially helpful in the development of functional marine anti-fouling coatings. Moreover, the biodegradability of polymer brush-based materials in biological media or marine environments is also a tricky problem, which needs to be systematically evaluated.
Controlling cell behavior
Polymer brushes have also been extensively employed to control cell adhesion and proliferation behaviors on material surfaces 171, 172 . Meanwhile, constructing intelligent material surfaces by the grafting of responsive polymer brushes to investigate cell adhesion behavior is very attractive. In this regard, thermoresponsive polymer brushes are especially attractive 173, 174 . For example, Okano's group developed a series of thermoresponsive functional surfaces by grafting poly(N-isopropyl acrylamide) (PNIPAm) brushes, followed by terminal modification, and the as-prepared surfaces could be used to realize cell adhesion below the LCST and detachment above the LCST 175 . However, some reports indicated that PNIPAm polymer brushes may induce cellular cytotoxicity upon switching from the hydrophilic state to the hydrophobic state 176 . To address this problem, copolymer brushes of poly(2-(2-methoxyethoxy) ethyl methacrylate) (PMEO 2 MA) and poly(ligo(ethylene glycol) methacrylate) (POEGMA) have been developed as interesting biocompatible alternatives to PNIPAm brushes. For example, Laschewsky and coworkers 15 developed a poly(MEO 2 MAco-OEGMA) copolymer brush-modified thermoresponsive . Copyright© 2012, American Chemical Society. b Construction of a multiscale hairy surface by grafting PSPMA polymer brushes onto rabbit fur for investigating the resulting AF/FR properties in a dynamic model. Reprinted with permission from Wan et al. 164 . Copyright© 2013, Royal Society of Chemistry. c Schematic of the antifouling mechanism on a PSPMA-grafted substrate and the corresponding photos of marine anti-fouling on a control sample substrate and a PSPMAgrafted substrate after immersion into the South China Sea for a month surface. The prepared surface exhibited tunable attachment, proliferation and detachment of 3T3 mouse fibroblasts by temperature cycling around the LCST of the copolymer brushes.
To further improve the bioactivity and functionality of polymer brush-modified materials, biomacromolecules, such as proteins and peptides, are commonly grafted onto the brushed chains to control the cell adhesion behavior [177] [178] [179] [180] [181] . Incorporating functional bioconjugate groups on polymer brushes can induce cell differentiation toward determined tissue types, which enables mimicking the ECM more closely. For example, Wei and coworkers 179 described the modification of titanium surfaces with poly(OEGMA-r-HEMA) brushes. Subsequently, conjugating fibronectin (FN) and recombinant human bone morphogenetic protein-2 (rhBMP-2) onto the surface of the polymer brushes enables the induction of effective adhesion of MC3T3 cells, which endows the titanium surface with good osteogenesis capacity (Fig. 17a) . Moreover, Klok and his collaborators 29 explored the modification of polymer brushes with short peptide ligands on the surface of blood-contacting materials to promote endothelialization. In a typical case, poly(2-hydroxyethyl methacrylate) (PHEMA) or poly(poly(ethylene glycol) methacrylate) (PPEGMA) brushes were separately grafted onto the substrate surface. Then, the exposed hydroxyl groups of the polymer brushes can be further conjugated with RGD-containing peptide ligands. The experimental results showed that human umbilical vascular endothelial cells (HUVECs) were able to adhere and spread effectively on the RGD-modified surface, as well as to retain homeostasis upon encountering shear stress such as real arterial blood flow (Fig. 17b) .
Not only the chemical components but also the surface topography of the substrates can highly affect the cell adhesion behavior 184 . For example, Zheng and colleagues 185, 186 developed a series of biomimicking patterned polymer brush multiscale systems, which can not only control cell adhesion and orientation behavior but also allow reversible detachment of the cells upon exposure to external stimuli. Meanwhile, the grafting of functional polymer brushes onto rough biomaterial surfaces can further improve the blood compatibility of materials or affect the cell adhesion behavior. For example, Wang and colleagues 182 grafted thermally responsive PNIPAAm polymer brushes onto silicon nanowire arrays (SiNWAs) by SI-ATRP and then investigated the interaction between this functional material surface and platelets in vitro. The experimental results showed that the prepared functional surface (SiNWA-PNIPAAm) could largely reduce platelet adhesion both below and above the LCST, while the smooth PNIPAAm surface exhibited anti-adhesion to platelets only below the LCST (Fig. 18a) . Such functional material can be used in the fields of biomaterials and biomedicine. Subsequently, Yu and coworkers 32 also developed such a functional composite surface by grafting thermally responsive PNIPAAm polymer brushes onto SiNWS, followed by the conjugation of a cell capture agent, biotinylated anti-EpCAM, onto the brushes. The as-prepared functional material demonstrated highly efficient CTC capture and could realize the reversible capture/release of different kinds of targeted cancer cells above and below the LCST of the PNIPAAm brushes (Fig. 18b) . However, this kind of functional material is only responsive to a single temperature stimulus to realize the reversible capture and release of targeted cancer cells. Based on this finding, Wang and colleagues 183 prepared a pH-and glucosedual-responsive composite surface by grafting poly (acrylamidophenylboronic acid) (polyAAPBA) brushes onto an aligned silicon nanowire (SiNW) array. The as-prepared surface could realize reversibly capture and release targeted cancer cells by precisely controlling the pH and glucose concentration, exhibiting dual-stimuli responsiveness (Fig. 18c) . This dual-responsive surface has significant biomedical and biological applications, including in cell-based diagnostics and in vivo drug delivery.
In summary, the surface grafting of functional polymer brushes can be used to control cell adhesion behavior. The material surfaces prepared by the grafting of responsive polymer brushes can exhibit tunable attachment and detachment behaviors toward target cells by temperature cycling around the LCST. Incorporating functional biomacromolecules, such as proteins and peptides, onto the polymer brush chains further improves the bioactivity and functionality of the material surfaces. Especially, the conjugation of a cell capture agent onto the responsive polymer brushes enables obtaining highly efficient CTC capture and can realize reversible capture/ release for different kinds of targeted cancer cells above and below the LCST.
Actuation
Inspired by actuation mechanisms from nature, the surface grafting of responsive polymer brushes onto material surfaces enables the easy design of intelligent actuation systems 7 , which are highly conducive converting physical or chemical signals into macroscopic movements. Responsive brushes can always undergo reversible conformation changes of the polymer chains under external stimuli, inducing an obvious shape change of the as-prepared actuation systems at different scales [187] [188] [189] . For example, the nanoactuation of microcantilevers using responsive polymer brushes has attracted considerable interest due to their potential as "soft" nanoactuators 190 . As reported, conformational changes of polymer brush chains can provide a good route toward the actuation of nanoscale objects 191, 192 . For example, Minko and colleagues 193 reported the actuation of gold nanoparticles using pH-sensitive poly(2-vinylpyridine) (P2VP) polymer brushes based on surface plasmon resonance spectroscopy.
When functional polymer brushes are grafted onto microcantilevers and then exposed to different triggers, this can induce dynamic bending of the cantilevers. For example, Zhou et al. 194 grafted responsive polymer brushes onto an atomic force microscopy (AFM) cantilever and then observed the bending behavior of the cantilever resulting from the swelling pressure of the polymer brushes. In a typical case, polymethacryloyl ethylene phosphate (PMEP) brushes were selectively grafted onto one side of the cantilever via SI-ATRP, which could induce reversible actuation of the cantilevers after immersing the cantilever into solutions of different ionic strengths (Fig.  19a) . Furthermore, the same group employed this method to develop a new electroactuation system by grafting cationic polyelectrolyte brushes onto one side of microcantilevers (Fig. 19b) . By applying alternating positive and negative biases to the polyelectrolyte brush-modified cantilever, obvious surface actuation stresses were generated. Moreover, Berger and coworkers 195 established a micromechanical cantilever system by the grafting of solvent-responsive polymer brushes, and the stress produced on the modified cantilevers could be used as an effective analytical tool to determine solvent compositions. Zauscher and colleagues 196 grafted poly[(N-isopropyl acrylamide)-co-(N-vinylimidazole)] copolymer brushes onto a cantilever and then observed the dualresponsive actuation from both solvent and pH. Meanwhile, the bending behavior of microcantilevers induced by the media responsiveness of polymer brushes allows the sensitive detection of surface stresses, which has been used to study the surface adsorption of monolayers 197 and interaction between molecules 139, 198 . Furthermore, some studies have indicated that the phase transitions of copolymer brushes in solvent can induce local changes of the surface microlandscape 34 . Such changes can be used to grasp and release nano-objects and move them across a surface 199, 200 , a process, which is highly similar to the nanomechanical motion behaviors of natural systems. For example, Rühe and Santer 201 covalently attached p(MMA-b-GMA) and p(BnMA-b-S) diblock-copolymer brushes onto the substrate surface. The mixed brushes showed obvious nanophase separation in a selective solvent, appearing in a 'crater''-like pattern. The pattern could be switched into a flat, featureless state by exposing the brushes to a solvent good for both blocks. Finally, such solvent-responsive behavior of diblockcopolymer brushes can be successfully used to drive appropriately nanosized particles across the surface (Fig. 19c) . Yu et al. 72 covalently attached nanoparticles onto the ends of PS-b-(PMMA-co-PCdMA) brushes, which could reversibly control the vertical, out-of-plane nanoparticle displacement after exposure to a selective solvent.
Applying polymer brushes to develop actuation systems is not only limited to the microscale but has also attracted great attention for developing macroscopic actuation systems. For example, Li et al. 202 reported a novel actuator based on a wrinkled PDMS elastomer covered with hydroresponsive polyelectrolyte brushes of poly (sulfopropyl methacrylate) (PSPMA). Typically, the PSPMA polyelectrolyte brushes demonstrated the collapsed state, but they swelled in response to increasing air humidity, leading to a lateral pressure difference, which caused the elastomer to bend. Meanwhile, the cyclic bending process can mimic the movement behavior of caterpillars, which move by alternatingly expanding and contracting their soft bodies. Correspondingly, the bending direction of the actuator can be manipulated by the wrinkles featured on the PDMS substrate, which enable the actuator to generate responsive self-folding into any complex structures (Fig. 17d) . This polymer brush-assisted actuator shows many potential applications, including in actuators, cell encapsulation, artificial muscles, and "soft robotics".
In summary, the grafting of responsive polymer brushes onto substrate surface enables the development of intelligent nanoactuation systems for transporting nanoparticles in "soft" nanomechanics. After selectively grafting functional polymer brushes onto a microcantilever and then exposing it to different triggers, the modified microcantilever can generate dynamic bending. This responsive actuation feature can be used to determine solvent compositions, study surface adsorption, and investigate interactions between molecules. Even so, using the SPB technique to develop macro actuation systems for possible applications in the real world is only at the conceptual level. The existing barrier for this technique is that the actuation stress of polymer brush-based system is very small. Moreover, the complex grafting process of polymer brushes largely limits extensive applications of such kinds of actuation materials.
Preparation of functional electronic devices
Surface grafting of polymer brushes can also be used as an important assistance means to change the electrical performance of materials. Especially, it has been an important chemical approach by which to construct soft metal electrodes for flexible and wearable electronics [204] [205] [206] . Meanwhile, polymer brush-assisted metal deposition (PAMD) technology has been developed to prepare flexible, foldable, stretchable, compressible, and wearable metal conductors 207 . The key technique of PAMD is the use of a functional polymer brush layer for the in situ deposition of metal thin films onto substrate materials with different structures. PAMD always includes three key steps: (1) surface grafting of a functional polymer brush layer onto the surface of the material, with the most-used polymer brushes being poly[2-(methacryloyloxy)ethyl] trimethylammonium chloride (PMETAC) and poly(acrylic acid) (PAA); (2) immobilization of metal catalytic moieties into the polymer brushes layer by electrostatic interactions; and (3) in situ generation of a metal film by sodium borohydride reduction.
In a typical case, PMETAC consists of Cl -surrounding a positively charged polymer with quaternary ammonium groups, which show strong affinity to metal anions such as PAMD technology can be used to fabricate flexible and stretchable metal thin-film materials (Fig. 20a ) 212, 213 . Meanwhile, the simple ELD of metal films on elastic polymer substrates (PDMS) by PAMD technology always demonstrates a weak interfacial combination force 208 . Metal layer cracks appear rapidly upon substrate stretching because of the low stretchability of metal itself. To solve this problem, Wang et al. 214 deposited a metal Cu layer onto a buckled PDMS film instead of a flat film, resulting in a high-performance stretchable conductor with stable metallic conductivity. This novel stretchable conductor provides a design idea for developing the next generation of wearable and intelligent electronics. Furthermore, PAMD technology can be used to construct electronic devices with patterned interconnections (Fig.  20b) . For example, Guo et al. 212 reported a new strategy, named matrix-assisted catalytic printing (MACP) technology, for the fabrication of patterned, flexible and stretchable metal interconnections (Cu, Ag, Au, and Ni) at variable scales from micrometers to namometers. In a typical case, MACP delivered the [PdCl 4 ] 2− catalytic moieties site-selectively to the PMETAC-modified substrate through various low-cost printing methods. The advantage of MACP is that the fabrication process does not need a prestretch step, while its disadvantage is that the resulting conductor can only be stretched up to a few percent values of its original size. Metalization by PAMD technology is not limited to only 2D thin-film substrates but is also suitable for preparing 3D complex conductive composites (Fig. 20c) . For example, Yu et al. 215 reported the fabrication of 3D stretchable interconnections by using PAMD on porous polyurethane (PU) sponges. Subsequently, the prepared metal sponges were infiltrated with PDMS to form an interpenetrated 3D composite conductor, which could be readily twisted, rolled, bent, stretched, and compressed in different directions. PDMS was responsible for most of the deformation, while the metal layer was relieved from high strain.
In summary, PAMD is a full-solution strategy for fabricating flexible, stretchable, compressible, and wearable metal conductors from 2D to 3D complex structures. Upon applying this technology, one can readily fabricate multiscale, patterned metal interconnections for different applications, such as robotic skins, sensors and actuators, medical implants, energy storage, and wearable electronics. However, PAMD may also have limitations, such as the difficulty in preparing Al devices, the lateral diffusion of the catalyst during the ELD process, and the impossibility of preparing multilayer devices. As Zheng et al. stated in their review article, "PAMD is still at an early stage of development".
Conclusions, challenges, and outlook
Over the past few decades, the surface grafting of polymer brushes (SPB), as one kind of classical modification technique, has provided huge possibilities for the design of advanced functional materials with controlled interfacial properties. SPB allows the formation of functional polymer films on 2D, planar, rough substrates and even on 3D complex structures, which results in impressive potential for a wide range of applications.
Meanwhile, the responsive characteristics of polymer brushes offer the possibility of the fabrication of stimuliresponsive functional materials. For example, the surface grafting of responsive polymer brushes onto micron/ nanostructures has been successfully used to control the wettability of materials. The wettability change is always accompanied by the evolution of a solid-liquid interface boundary slippage feature. For example, after grafting hydrophobic polymer brushes onto micro or nanostructural surfaces, the as-prepared functional materials can be used to reduce the flow resistance of liquids. Especially, SPB on 3D-printed complex structures based on the i3DP technique can be applied to develop functional wettability devices. During the past decades, the surface-grafting polymer brush technique has also received much attention for the engineering of functional materials to improve interface lubrication properties in both water and oil systems. Moreover, the combination of nanoparticles and polymer brushes offers an effective route by which to construct functionally composite materials, which can be used in catalysis. Meanwhile, the catalytic activity of the composite materials can be well controlled by using responsive polymer brushes as nanoparticle carriers. Furthermore, by grafting polymer brushes onto the inner surface of membrane channels, it is possible to prepare functional film materials for realizing controllable transportation and the effective separation of ions, molecules and even gases. Importantly, surface the grafting of hydrophilic polymer brushes can effectively improve the anti-fouling properties of substrate materials. Meanwhile, the grafting of zwitterionic polymer brushes onto substrate materials has been widely used to resist nonspecific protein adsorption, bacterial adhesion and marine anti-fouling. Noteworthily, SPB has also been used to improve the biological activity of material surfaces. For example, the surface grafting of responsive polymer brushes (SRPB) onto structured material surfaces can be used to effectively control the cell adhesion behavior. In addition, SPB is a very useful tool for constructing functional materials, which demonstrate promising applications in mechanical actuation. Finally, SPB can also be used as a key auxiliary means by which to develop flexible, stretchable, compressible, and wearable metal conductors, named the polymer-assisted metal deposition (PAMD) technique.
The above introduction of surface-grafting polymer brush techniques to engineer functional materials focuses only on some key applications. The techniques still have possibilities for further development. In the future, it is clear that polymer brushes will provide more fantastic application potential as a new way to decorate materials for performing chemistry, physics, and even biology on surfaces.
Even though SPB demonstrates great advantages for brushing up functional materials, some existing problems and necessary challenges must be face with consideration of its real applications in the future. First, because polymer brushes prepared via SI-ATRP always contain residual amounts of the metal catalyst, this would largely limit their practical applications in the biomedical field. Meanwhile, the photoinitiated radical grafting polymerization technique (commonly based on an initiator of diphenyl ketone or polydopamine) may be a good strategy to solve this problem, which has been successfully promoted in clinical applications. Second, the traditional SI-ATRP method always needs inert atmosphere protection to prevent the catalyst from being oxidized, which complicates the preparation process and causes a high preparation cost. Some new approaches, such as eSI-ATRP, Sar-ATRP, and UV-ATRP, seem to be used well to address this problem. However, the practical problem is that these approaches are only in the laboratory research stage and are still difficult to employ for large-scale engineering preparations. Third, the thickness of the grafted polymer brush layer on the material surface is commonly thin (from tens of nanometers to hundreds of nanometers). Especially on rough material surfaces, the thin brush layer tends to be wiped away under high interface contact pressure. This problem also highly limits the real application of polymer brush-based functional materials in the engineering field. Finally, one urgent challenge is in how to develop one general/universal method by which to easily graft polymer brushes onto material surfaces and reduce the waste of unpolymerized monomers. Therefore, it should be noted that SPB is still in an early stage of development considering its real engineering applications. Certainly, these problems and challenges may be well addressed by further development of the interfacial organic chemistry.
In summary, this review gives a broad introduction to the use of polymer brushes to prepare functional materials in multiple research fields. Correspondingly, we provide a brief summary at the end of each section, including the obtained achievements and challenges necessary to face. We believe that this review will provide basic guidance as a skeleton manual to show the significant advantages of surfacegrafting polymer brush techniques for developing functional materials. This review will also provide refreshing ideas for scientists in the fields of chemistry and materials science for interdisciplinary research.
